Five growth assays were conducted with young chicks to study relative toxicities of various organic sulfur compounds. Evaluation of the dietary requirements for glycine and threonine indicated that .52% threonine and .51% glycine were the minimum requirements for maximal gain. To provide a margin of safety .55% threonine and .60% glycine were chosen as levels to use in subsequent assays. A level of 1.25% excess DL-methionine resulted in close to a 40% reduction in growth rate and was chosen as the level to use in later assays. Consumption of excess methionine, calcium methionine hydroxy analogue (OH-M(Ca)) or ethionine resulted in reduced rate and efficiency of gain as well as a lowered concentration of hepatic ATP. DL-homocysteine was equally as toxic as an equimolar level of DL-methionine, but D-methionine was less growth depressing than either L-or DL-methionine. Chicks consuming diets with excess methionine exhibited much greater growth depressions than those fed diets with an equimolar concentration of either OH-M (Ca) or cystine. Homocysteine accumulation in plasma and tissues is thought to be one of several possible factors responsible for lesions associated with methionine toxicity.
INTRODUCTION
Effects of consumption of excess methionine have been studied extensively (Hardwick 1Present address: The Quaker Oats Co., 617 W. Main St., Barrington, IL. 60010. z Part of a thesis submitted to the Graduate College of the University of Illinois in partial fulfillment of the requirements for the Ph.D. degree.
3 Department of Animal Science.
et Stekol and Szaran, 1962: Daniel and Waisman, 1969) . The underlying mechanism by which excess methionine exerts its pathogenicity, however, is not well understood, although numerous theories prevail. Hardwick et al. (1970) proposed the depletion of hepatic ATP as an explanation for methionine toxicity. Depletion of methyl acceptors in the conversion of S-adenosylmethionine to S-adenosylhomocysteine has also been investigated. This explanation has proved untenable, however, since little benefit has been observed from supplementing the diet with methyl-accepting compounds such as guanidoacetic acid (Sauberlich, 1961 ; Cohen et al., 1958) or nicotinamide (Klain et al., 1963 ; DeBey et al., 1952) .
More recently, the metabolism of the labile methyl group of methionine has been proposed as a means by which methionine toxicity is exerted (Benevenga, 1974) . It is suggested that a pathway which is competitively inhibited by S-methyl-L-cysteine accounts for the majority of the methionine catabolized when high levels of methionine are fed. It is postulated that an intermediate in this pathway is the toxic product in methionine toxicity. Observations are conflicting regarding the relative toxicity of homocysteine and methionine. In rat studies, homocysteine has been found equally as toxic as methionine l~y some (Cohen et al., 1958) but less toxic by others (Benevenga and Harper, 1967) .
The studies described herein were conducted to determine the optimum dietary conditions in which to study a methionine-induced toxicity and to investigate the relative toxicities of various organic sulfur compounds.
EXPERIMENTAL PROCEDURE
Diets. The basal diet used for all assays (table 1) has been described previously (Sasse and Baker, 1973 CVitarnins per kilogram diet: Thiamine-HCl, 100 rag; niacin, 100 nag; riboflavin, 16 mg; CA-pantothenate, 20 rag; vitamin B 12, .02 mg; pyridoxine-HCl, 6 mg; biotin, .6 mg; folic acid, 4 mg; inositol, 100 mg; para-aminobenzoic acid, 2 mg; menadione, 5 mg;ascorbic acid, 250 mg; vitamin A acetate (250,000 IU/g), 10,000 IU; vitamin D 3 (200,000 IU/g), 600 I.C.U. dsantoquin, Monsanto Co., St. Louis, Missouri.
contains the ten classical indispensible amino acids plus proline and glycine-both of which are synthesized to some extent by the chick but not in sufficient quantity to allow maximal growth. Both methionine and cystine serve as a source of sulfur amino acids; phenylalanine and tyrosine provide aromatic amino acids. The levels of the amino acids are at a minimum requirement for optimal growth, and glutamic acid provides all nitrogen required for biosynthesis of dispensible amino acids. The diet contains 4,200 kcal ME/kg and 14.8% protein equivalent (i.e., N • 6.25).
Experimental Care of Cbicks. Chicks originating from the cross of New Hampshire males and Columbian females were used in all assays. From day 1 to day 7 they were fed a 24% protein corn-soybean meal diet. Feed was withdrawn from 9:00 am to 1:00 pm on day 7 after which birds were allowed free access to both feed and water for 2 hr at which time both feed and water were removed until 8:00 am the next day. On day 8, the chicks were weighed to the nearest gram and checked visually for obvious defects. They were then allotted to experimental groups such that the average starting weight and weight range for each group were similar. Chicks were confined in electrically heated thermostatically controlled batteries in an airconditioned room containing uniform artificial light and maintained at 24 C. All assays were of 6 days duration.
Assay Procedures. Since serine is intimately involved in the conversion of methionine to cystine, and threonine is hypothesized to be antagonized by excess methionine (Katz and Baker, 1975; Girard-Globa et al., 1972) , it was deemed necessary to reevaluate the minimum dietary requirements for these two amino acids. In the basal diet glycine serves as a source (i.e., precursor) of serine, and thus two assays (assays 1 and 2) were conducted to determine the dietary requirements for threonine and glycine. Glycine was contained in the basal diet at .60% of the diet (Sasse and Baker, 1973) for the threonine requirement study and the glycine study was conducted in the presence of the estimated requirement for threonine established in assay 1. The requirements were estimated by fitting a continuous broken line to the gain data for each assay by least square analysis (Steel and Torrie, 1960) . Three replicate pens of eight male chicks per treatment were placed on test in assay 1; three replicate pens of seven were employed in assay 2.
Assay 3 was conducted to determine the level of excess methionine necessary to depress chick growth by 30 to 40%. It was felt that this decrement in growth was such that a response to reverse this effect could easily be detected. Triplicate groups of eight male chicks were employed.
The fourth assay involved triplicate groups of seven male chicks and was designed to investigate the relative toxicities of the three isomers of methionine (L-, D-and DL) and the ethyl and hydroxy analogues of methionine. Each compound was added at a level equimolar to 1.25% methionine, except for ethionine which was added at one-tenth this level due to its extreme toxicity. After the growth assay was completed, livers were removed by freezedamping with liquid nitrogen and assayed for ATP according to procedures outlined by Strehler and Totter (1954) .
Assay 5 was conducted to confirm the growth-depressing effects of the L-, D-and DL-isomers of methionine. Duplicate groups of eight female chicks were used. Equimolar concentrations of methionine hydroxy analogue (Ca), homocysteine, homocystine, cysteine and cystine were also evaluated. All compounds were tested at a level isosulfurous to 1.25% methionine, and in the case of the hydroxy analogue, a level twice that amount was also tested. Assay 6 was designed to evaluate gain of chicks at an equal intake of feed. The regression of cumulative gain on cumulative feed intake was used to adjust gain to an equal intake of feed (i.e., 200 g) for chicks fed both control and methionine-imbalanced diets. This procedure has been explained previously (Sasse and Baker, 1974) . Triplicate groups of seven male chicks were employed for each of the two dietary treatments.
Data were subjected to analysis of variance (Steel and Torrie, 1960) : Single degree-of-freedom comparisons were made where appropriate. Pooled standard errors 4 were calculated for each response criterion. ment for maximal gain of .52% (figure 1). To provide a margin of safety, .55% was chosen as the level to use in subsequent assays. The glycine requirement for maximal gain was estimated as .51% of the diet (figure 2). However, since previous investigations at the University of Illinois had indicated a growth response up to .60% of the diet, this level was chosen for subsequent assays. It was considered important that glycine not be deficient in the assay diets, because it was deemed essential that any response to supplemental threonine when added to a methionine-imbalanced diet could be attributed to a threonine deficiency per se The results of assay 5 are presented in table 4. Consumption of excess methionine as the L-, D-or DL-isomer or of homocysteine or homocystine resulted in depressions (P<.01) in both gain and gain/feed. Although not significantly different, both DL-and L-methionine tended to depress growth more than the D-isomer, as in the previous assay (assay 4). OH-M(Ca), cystine and cysteine when fed at a level isosulfurous to 1.25% methionine also resulted in depressed (P<.01) rate and efficiency of gain, but the magnitude of depressed performance was much less (P<.01) than that resulting from excess dietary methionine or homocysteine. When OH-M(Ca) was fed at twice the molar concentration of methionine (i.e., 2.84%), the resulting gain and gain/feed depressions were similar to those observed with 1.25% excess methionine. aAverage of duplicate groups of eight female chicks for the period 8 to 14 days posthatching; average initial weight was 79.1 grams.
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bAll sulfur-containing compounds were provided at isosulfurous concentrations; the 2.84% OH-M (Ca) addition was provided at twice that level.
Discussion
The results of assay 3 clearly indicate a reduction in feed consumption, weight gain and gain/feed ratio when birds consume diets containing excess (i.e., levels above the requirement) methionine. A decrease in voluntary feed intake is commonly associated with consumption of a diet containing excess methionine (Daniel and Waisman, 1969; Harper, 1969) , but equal-feeding trials (Daniel and Waisman, 1969; Sanchez and Swenseid, 1969) have shown that the reduction in gain is more severe for animals receiving a diet imbalanced with methionine than for those consuming an equal quantity of a well-balanced diet. This indicates that methionine intoxication involves more than a simple reduction in voluntary feed intake. Indeed, the results presented in table 5 would suggest that methionine per se depresses chick growth apart from its effect on voluntary feed intake.
A reduction in hepatic ATP and an increase in the excretion of adenylated compounds have been associated with consumption of excess methionine (Hardwick et al., 1970) . Our results support this observation. It is interesting that all sulfur-containing compounds, even OH-M(Ca), depressed hepatic ATP markedly. That the magnitude of liver ATP depression is not directly related to the magnitude of growth depression is indicated by the finding that ATP was lower (P<.10) in livers from chicks fed either L-methionine or OH-M(Ca) than in those from chicks fed DL-methionine, despite the fact that a greater (P<.05) growth depression was observed with the latter. Hardwick et al. (1970) found that the administration of adenine was effective in alleviating the reduction in hepatic ATP due to the consumption of excess methionine. However, no growth data were presented, and thus whether supplemental adenine would have had any effect on growth is a moot question. In any event, it would appear that the mechanism underlying a methionine-induced toxicity is extremely complex and multifaceted, and the relief or reversal of one symptom does not imply the same for the others.
The finding that an excess of D-methionine caused a lesser growth depression than an equal excess of either L-or DL-methionine (assays 4 and 5) has been reported previously (Sauberlich, 1961; Harper et al., 1970) . Benevenga (1974) suggests either that D-methionine-induced toxicity results in cellular changes different from those resulting from the toxicity due to L-methionine, or that the toxicity results cchicks and feed were weighed every other day to generate points for calculation of regression equations for each diet.
only after conversion of D-to L-methionine, a conversion which is perhaps limited. The basis for the difference in the two toxicities is impossible to determine from the results of assays 4 and 5. However, the tendency of DL-methionine to be more toxic than L-or D-methionine in both assays would suggest that it is not the limited conversion of D-to L-methionine which is underlying this difference. Were this the case, excess DL-methionine would be expected to cause a reduction in growth of a magnitude intermediate between that resulting from excess of L-and D-methionine.
While the metabolism of the labile methyl group of methionine has also been suggested as means by which a methionine-induced toxicity is mediated (Benevenga, 1974) , the finding that homocysteine and homocystine (assay 5) are as toxic as methionine would seem to refute this hypothesis. The metabolism of the methyl group of methionine precedes the formation of homocysteine and thus could not be involved in the toxicity resulting from ingestion of high levels of homocysteine. Also, OH-M(Ca) contains a labile methyl group similar to the one in methionine, yet it appears to be much less toxic than methionine (assays 4 and 5). Griminger and Fisher (1967) reported OH-M(Ca) to be relatively nontoxic and suggested that either a limitation in the conversion of the hydroxy acid to the amino acid or the necessity of the simultaneous presence of an amino and a methyl group would account for the differences in the two toxicities. If OH-M(Ca) must be converted to methionine before activation, and if the conversion is limited, it would seem that this should be reflected in less of a reduction in hepatic ATP from OH-M(Ca) than for methionine. However, consumption of the OH-M(Ca)-imbalanced diet resulted in a depression in hepatic ATP equal in magnitude to that caused by methionine (table 3) , and thus the results of assay 4 do not support the limited conversion theory.
Cystine has been shown previously to be much less toxic than methionine (Sauberlich, 1961; Smith, 1969) . It would thus appear reasonable to assume that a build-up of cystine is not the causitive factor in methionine toxicity. Further evidence supporting this view of different etiologies for the two toxicities is the observation that cystine toxicity results in biochemical lesions which are distinct from those observed in methionine toxicity (Earle et al., 1942) .
It is suggested from this study that methionine-induced toxicity in the chick is related to a build-up of homocysteine or a metabolite between homocysteine and cysteine. The reduction in hepatic ATP resulting from ingestion of organic sulfur sources does not appear related to the corresponding depression in growth. Evidence is also reported which refutes the hypothesis that the mechanism underlying a methionine-induced toxicity for the chick is due to the aberrant metabolism of the methyl group. Investigation of the effect of ingestion of excess methionine on the utilization of other amino acids will perhaps provide further insight into the basic mechanism underlying a methionine-induced toxicity.
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